Titanium (Ti) osseointegration is critical for the success of dental and orthopaedic implants. Previous studies have shown that surface roughness at the micro-and submicro-scales promotes osseointegration by enhancing osteoblast differentiation and local factor production. Only relatively recently have the effects of nanoscale roughness on cell response been considered. The aim of the present study was to develop a simple and scalable surface modification treatment that introduces nanoscale features to the surfaces of Ti substrates without greatly affecting other surface features, and to determine the effects of such superimposed nano-features on the differentiation and local factor production of osteoblasts. A simple oxidation treatment was developed for generating controlled nanoscale topographies on Ti surfaces, while retaining the starting micro-/submicro-scale roughness. Such nano-modified surfaces also possessed similar elemental compositions, and exhibited similar contact angles, as the original surfaces, but possessed a different surface crystal structure. MG63 cells were seeded on machined (PT), nanomodified PT (NMPT), sandblasted/acid-etched (SLA), and nano-modified SLA (NMSLA) Ti disks. The results suggested that the introduction of such nanoscale structures in combination with micro-/submicro-scale roughness improves osteoblast differentiation and local factor production, which, in turn, indicates the potential for improved implant osseointegration in vivo.
Introduction
Integration of titanium (Ti) implants with the surrounding bone is critical for successful bone regeneration and healing in dental and orthopedic applications. The desire to accelerate and improve osseointegration drives many implantology research and development efforts, particularly for patients whose bones have been compromised by disease or age. Previous work has shown that the surface characteristics of implants have a direct influence on tissue response by affecting protein adsorption and by modulating cell proliferation and differentiation [1] [2] . Surface characteristics such as roughness [3] [4] , chemistry [5] [6] [7] and energy [8] [9] have been reported to significantly influence cell differentiation, local factor production and, consequently, bone growth and osseointegration [10] [11] .
Surface modification strategies for metallic implants to improve osseointegration have attempted to mimic the characteristics of bone [12] [13] [14] [15] . During bone remodeling, previously-formed bone is resorbed by osteoclasts, in part to remove micro-cracks before new bone is formed in these primed regions [16] [17] . Resorption lacunae left by osteoclasts, created through acidification and proteinase activity [18] , have a distinct hierarchical structural complexity [19] [20] . Resorption lacunae consist of microscale pits (up to 100 µm in diameter and 50 µm in depth [21] [22] [23] ) with submicro-scale roughness formed by the irregular acid-etching at the ruffled border of the osteoclast [18] [19] and nanoscale features created by the collagen fibers left on the surface [20, 22] .
Several studies have shown that increases in surface micro-and submicro-scale roughness, with feature sizes comparable to those of resorption pits and cell dimensions, lead to enhanced osteoblast differentiation and local factor production in vitro [24] [25] , increased bone-to-implant contact in vivo [26] [27] and improved clinical rates of wound healing [28] [29] . Surface nanoscale roughness, which directly corresponds to the sizes of proteins and cell membrane receptors, could also play an important role in osteoblast differentiation and tissue regeneration (Fig. 1 ).
The effect of nanoscale surface roughness on osteoblast response has drawn the attention of several research groups over the last decade [30] [31] [32] [33] . The literature on this topic is dominated by studies on the initial interactions between osteoblasts and nano-modified polymeric substrates, and such work has indicated that nanoscale roughness can significantly affect cell adhesion [34] , proliferation [35] , and spreading [36] . Similar results have been found for ceramic [37] and metallic [38] substrates. However, other studies report either a decrease in osteoblast proliferation with an increase in nanoscale roughness [39] , or no effect of nanoscale roughness on proliferation [40] in the absence of microscale surface roughness [12, 41] .
Relatively few studies have examined the effects of nanostructured surfaces on osteoblast differentiation [12, [36] [37] [42] [43] . Some reports have indicated that increased osteoblast proliferation on nanostructured surfaces coincided with an increase in alkaline phosphatase (ALP) synthesis, increased Ca-containing mineral deposition [37] , and higher immunostaining of osteocalcin (OCN) and osteopontin [36] . Gene expression studies have shown an increase in the expression of RUNX2, osterix (OSX), and bone sialoprotein (BSP) in osteoblasts grown on nano-roughened surfaces [42] [43] . Two studies [12, 41] examined the protein levels of different differentiation markers and local factors, and both of these studies reported an increase in differentiation, and an increase in factors PGE 2 and active TGF-β1, when submicro-to nanoscale roughness was introduced to micro-rough substrates.
More recent studies have focused on the hierarchical combination of both micro-and nanoscale roughness to promote osseointegration on clinically-relevant surfaces [12] [13] [14] [44] [45] . Although some of these studies have reported promising results of increased osteoblast proliferation and differentiation, it has been challenging to create a tailored hierarchical surface without altering other underlying characteristics of the substrate (particularly the microscale roughness and surface chemistry) [13] [14] 45] . For this reason, it has been difficult to decouple the effects of nanoscale features from those of other surface features, such as surface micro-roughness, surface chemistry, and/or surface energy. Additionally, the simultaneous increase in osteoblast proliferation and differentiation caused by nanoscale roughness remains controversial due to some contradictory results [39] [40] 44] , which may have been influenced by differences in the types of cells and in the types of nanoscale surface modifications used in these experiments.
The objectives of the present study were twofold. First, we aimed to develop a simple and scalable oxidation-induced surface modification process of clinical relevance in order to alter the nanoscale topography of Ti substrates without greatly affecting surface chemistry or the starting micro-/submicro-scale roughness. Second, we aimed to evaluate the influence of such modified nanoscale surface topography, with and without additional micro-/ submicro-scale roughness, in vitro on the differentiation and local factor production of human osteoblast-like MG63 cells.
Materials and Methods

Titanium disks
Ti disks with a diameter of 15 mm were punched from 1 mm thick sheets of grade 2 unalloyed Ti (ASTM F67 unalloyed Ti for surgical implant applications) and supplied by Institut Straumann AG (Basel, Switzerland). After degreasing the disks in acetone, the disks were exposed at 55°C for 30 seconds to an aqueous solution consisting of 2% ammonium fluoride, 2% hydrofluoric acid and 10% nitric acid to generate "pre-treated" (PT) Ti disks. The PT disks were further sandblasted with corundum grit (0.25-0.50 µm) at 5 bar, followed by etching in a solution of hydrochloric and sulfuric acids heated above 100°C for several minutes (proprietary process of Institut Straumann AG) to produce "sandblasted-large-gritacid-etched" (SLA) disks. The samples were then rinsed with water and sterilized by gamma irradiation at 25 kGy overnight (> 12 h).
Surface modification
A simple and scalable process for achieving a homogenous and relatively high surface density of nanoscale structures on titanium metal surfaces, referred to herein as "nanoscale modification" (NM), was developed [46] . An additional attribute of the surface modification process is that it does not require a straight line path to modify or superimpose the nanoscale structures on the surface (non-line-of-sight). All PT and SLA disks were cleaned and sterilized before and after the NM treatment process. Prior to NM treatment, samples were cleaned using a protocol that involved two 15 minute sonication cycles each in detergent, ultra-pure water, acetone, isopropanol, ethanol, and then three 10 minute sonication cycles each in ultrapure water, followed by plasma cleaning for 2 minutes at a maximum oxygen pressure of 0.27 mbar and at an RF power of 6.8 W (PDC-32G plasma cleaner, Harrick Plasma, Ithaca, NY). The NM treatments consisted of exposure of the cleaned specimens at 740°C to flowing (0.85 standard liters per minute) synthetic air (21% O 2 , 79% N 2 ) at 1 atm for varied times. To evaluate the change in surface topography with exposure time, PT samples were treated for 45 minutes (NMPT45), 90 minutes (NMPT90), and 180 minutes (NMPT180). The development of nanoscale features on specimen surfaces was evaluated using scanning electron microscopy (SEM). The mass increase of the samples during such NM treatment was monitored via thermogravimetric (TG) analysis (Q50, TA Instruments, New Castle, DE). After optimization of the NM treatment using PT samples, this treatment was applied to SLA samples. Prior to use in cell experiments, the NM-treated PT (NMPT) and NM-treated SLA (NMSLA) samples, and their respective unmodified controls, were cleaned by sonication in detergent and ultra-pure water and autoclave sterilized.
Surface characterization
The NMPT and NMSLA specimens were examined after sterilization by a variety of surface-sensitive techniques as described below.
Scanning electron microscopy (SEM)-
The specimen surface topography was qualitatively evaluated using a field-emission-gun scanning electron microscope (Ultra 60 FEG-SEM, Carl Zeiss SMT Ltd., Cambridge, UK). Images were recorded using a 5 kV accelerating voltage and 30 µm aperture. Image analysis software (ImageJ, NIH software) was used to evaluate the dimensions of nanoscale structural features generated by the NM treatment.
Transmission electron microscopy (TEM)-
The thickness and crystal structure of the oxide layer formed upon NM treatment was evaluated using a field-emission-gun transmission electron microscope (HF-2000 FEG-TEM, Hitachi High Technologies America, Inc., Pleasanton, CA). The NMPT90 sample was embedded in epoxy, crosssectioned, and then ground, polished, dimpled, and ion-milled to perforation. TEM characterization was then performed using an accelerating voltage of 200 KV.
Atomic force microscopy (AFM)
-Surface measurements at the nanoscale were evaluated using atomic force microscopy (Nano-R AFM, Pacific Nanotechnology, Santa Clara, CA) in close-contact mode. AFM analyses were conducted using silicon probes (P-MAN-SICC-O, Agilent Technologies, Santa Clara, CA) with dimensions of 1.14 × 0.25 cm 2 , a nominal force constant of 40 N/m, a nominal resonance frequency of 300 kHz, and tip radii of up to 10 nm. Each AFM analysis was performed over a 730 nm × 730 nm area. Two samples of every group were scanned three times each, under ambient atmosphere. The original data was plane-leveled to remove tilt by applying a numerical second-order correction, and mean values of surface roughness (S a ) and peak-to-valley height (S z ) were determined using the NanoRule+ software (Pacific Nanotechnology).
Confocal laser microscopy (CLM)
-Surface roughness at the macro-and microscales was evaluated using a confocal laser microscope (Lext, Olympus, Center Valley, PA). Each CLM analysis was performed over a 644 µm × 644 µm area using a scan height step of 50 nm, a 20X objective, and a cutoff wavelength of 100 µm. Two samples of every group were scanned three times each, under ambient atmosphere. Mean values of surface roughness (S a ) and peak-to-valley height (S z ) were determined.
X-ray photoelectron spectroscopy (XPS)-Atomic concentration and chemical
bonding information were obtained from the specimen surfaces by X-ray photoelectron spectroscopy (Thermo K-Alpha XPS, Thermo Fisher Scientific, West Palm Beach, FL). The instrument was equipped with a monochromatic Al-Kα X-ray source (hv = 1468.6 eV). The XPS analysis chamber was evacuated to a pressure of 5×10 −8 mbar or lower before collecting XPS spectra. Spectra were collected using an X-ray spot size of 400 µm and pass energy of 100 eV, with 1 eV increments, at a 55° takeoff angle. Two samples of every group were scanned two times each.
2.3.6
Contact angle measurements-Contact angle measurements were obtained using a goniometer (CAM 100, KSV, Helsinki, Finland) equipped with a digital camera and image analysis software. Ultra-pure water was used as the wetting liquid, with a drop size of 5 µL. Sessile drop contact angles of the air-water-substrate interface were measured four times in two samples of every group.
2.3.7 X-ray diffraction (XRD)-X-ray diffraction analyses were conducted using 1.8 kW Cu Kα radiation, a 1° parallel plate collimator, a ¼ divergence slit, and a 0.04 rad soller slit (X'Pert PRO Alpha-1 diffractometer, PANalytical, Almelo, The Netherlands). Both Bragg-Brentano and θ-2θ parafocusing setups were used for regular and grazing-angle (i.e., 4°t ake-off angle) analyses, respectively. Two samples of every group were scanned two times each, under ambient atmosphere.
Cell culture model and assays
MG63 cells were obtained from the American Type Culture Collection (Rockville, MD) and were cultured in Dulbecco's modified Eagle medium, containing 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin, at 37°C in an atmosphere of 5% CO 2 and 100% humidity. Cells were grown on tissue culture polystyrene (TCPS) or on one of the four types of specimens (PT, NMPT, SLA, NMSLA) at a density of 10,000 cells/cm 2 . MG63 cells were fed 24 hours after they were plated on the different surfaces and every 48 hours until confluent, as evaluated on the TCPS substrate. At confluence, cells were treated with fresh media for 24 hours and harvested for assays. At harvest, conditioned media were collected and cell layers were washed twice with serum-free media to remove any non-adherent cells, followed by two sequential incubations in 500 µL of 0.25% trypsin for 10 minutes at 37°C to release the cells from the ir substrate. The trypsin reaction was terminated by adding FBScontaining media to the tubes and cells were then centrifuged at 2000 rpm for 15 minutes. The supernatant was decanted, and the cell pellets were resuspended by vortexing in 500 µL of 0.05% Triton-X-100. The cells were then lysed to release cell contents.
Cell proliferation was evaluated by measuring DNA content with a commercially-available kit (QuantiT™ PicoGreen® dsDNA assay, Invitrogen, Carlsbad, CA). Cells were harvested as described above and 50 µL of lysed cell content were diluted with 50 µL of 0.05% Triton-X-100. Fluorescence measurements were obtained using a fluorescent multimode detector (DTX880, Beckman Coulter, Brea, CA) with reference to a standard.
Cell differentiation was evaluated using two markers of osteoblast differentiation: cellular alkaline phosphatase-specific activity [orthophosphoric monoester phosphohydrolase, alkaline; E.C. 3.1.3.1] as an early differentiation marker; and osteocalcin content in the conditioned media as a late differentiation marker. Alkaline phosphatase activity was assayed from the release of p-nitrophenol from pnitrophenylphosphate at pH 10.2 as previously described [47] . Activity values were normalized to the protein content, which was detected as colorimetric cuprous cations in biuret reaction (BCA Protein Assay Kit, Pierce Biotechnology Inc., Rockford, IL, USA) at 570 nm (Microplate reader, BioRad Laboratories Inc., Hercules, CA, USA). Osteocalcin levels in the conditioned media were measured using a commercially available radioimmunoassay kit (Human Osteocalcin RIA Kit, Biomedical Technologies, Stoughton, MA), as described previously [48] . Briefly, 50 µL of conditioned media were mixed with [I-125] osteocalcin tracer and human osteocalcin anti-serum (100 µL each), and incubated at 37°C for 2.5 hours. Goat anti-rabbit IgG, polyethylene glycol (100 µL each), and 1 mL of PBS were then added, followed by centrifugation at a minimum of 1500× g for 15 minutes at 4°C. The supernatant was decanted and the pellets were counted for 1 minute in a LS1500 gamma counter (Beckman Coulter, Brea, CA).
The conditioned media were also assayed for protein levels of growth factors and cytokines. Osteoprotegerin (OPG), a cytokine that works as a decoy receptor for "receptor activator for nuclear factor κ B ligand" (RANKL) to inhibit osteoclastogenesis, was measured using enzyme-linked immunosorbent assay (ELISA) kits (DY805 Osteoprotegerin DuoSet, R&D Systems, Minneapolis, MN). Vascular endothelial growth factor (VEGF), a potent growth factor involved in vasculogenesis and angiogenesis, was also measured using an enzymelinked immunosorbent assay (ELISA) kit (DY293B VEGF DuoSet, R&D Systems).
Statistical analysis
Data from experiments characterizing the surface properties of the substrates are presented as the mean ± one standard deviation (SD) of all the measurements performed on different samples. Data from experiments examining cell response are presented as mean ± standard error (SE) for six independent cultures. All experiments were repeated at least twice to ensure validity of the observations and results from individual experiments are shown. Data were evaluated by analysis of variance, and significant differences between groups were determined using Bonferroni's modification of Student's t-test. A p value below 0.05 was considered to indicate a statistically-significant difference.
Results
Scanning electron microscopy (Figs. [2] [3] [4] confirmed that a modest temperature oxidation treatment could be used to introduce nanoscale structural features to the Ti surfaces. In this study, the oxidation temperature (i.e., 740°C) and gaseous environment ( i.e., synthetic air) were fixed while the duration of the process was varied. The surfaces of the starting PT samples were relatively smooth on the microscale (CLM S a = 0.43 ± 0.02 µm), although surface pits, presumably resulting from the PT acid pickling process, were detected ( Fig.  2a ). After 45 minutes of controlled oxidation (NMPT45), a low density of nanoscale protuberances was observed to have formed on the specimen surfaces ( Fig. 2b) , with protuberance sizes ranging from about 40 to 200 nm in diameter ( Fig. 2e ) and about 10 to 150 nm in height. After 90 minutes of modification (NMPT90), the entire surface was homogeneously covered with a relatively high density of nanoscale structures (Fig. 2c) , which ranged in size from about 40 to 360 nm in diameter ( Fig. 2f ) and about 60 to 350 nm in height. Following 180 minutes of modification (NMPT180), the nanostructures coalesced into coarser structures (Fig. 2d ) that spanned about 500 to 1000 nm in diameter and about 80 to 500 nm in height. The mass increase of the oxidized samples was also monitored by TG analyses and correlated to changes in surface topography. Indeed, by coupling weight gain measurements to the resulting surface topography, TG analyses may be used to monitor the time required for the generation of a high surface density of nanoscale structures on titanium implants of various geometries.
The NM treatment was also applied to SLA substrates that possessed a greater degree of microscale roughness (CLM S a = 3.29 ± 0.18 µm) than for the PT specimens. NMSLA samples were generated using the same oxidation conditions as for the NMPT90 samples (i.e., 740°C, 90 min, synthetic flowing air). At low magnifications (Figs. 3a, b) , SEM analyses revealed a similar microscale topography for the SLA and NMSLA samples. However, at intermediate and higher magnifications (Figs. 3d, f) , NMSLA surfaces were observed to possess a relatively high and uniform density of nanoscale structures.
After verifying that a NM treatment (740°C, 90 min., synthetic flowing air) could be used to introduce a relatively high density of nanoscale structural features to Ti surfaces that were relatively smooth or rough at the microscale, this treatment was applied to Ti specimens for further surface characterization and for use in cell experiments. Cell interactions with four types of specimens were examined: PT (Fig. 4a) , NMPT (Fig. 4b) , SLA ( Fig. 4c ) and NMSLA (Fig. 4d) . The microscale and nanoscale topography of these samples was measured quantitatively using CLM and AFM, respectively ( Table 1) . As expected, the mean values of microscale (CLM-derived) roughness and peak-to-valley height obtained for the PT and NMPT specimens were lower than for the SLA and NMSLA samples. Additionally, the average values of the microscale (CLM-derived) roughness of the nanomodified samples, NMPT and NMSLA, were slightly lower than for the respective controls. The mean nanoscale (AFM-derived) roughness of the NMPT specimens was apparently higher than for the PT controls (Table 1) , although little statistical difference in the mean nanoscale roughness could be discerned between the SLA and NMSLA specimens. However, the NMPT and NMSLA surfaces shared noticeably higher (and similar) mean values of nanoscale peak-to-valley height relative to the PT and SLA surfaces. The combined CLM and AFM analyses were consistent with the presence of a relatively high density of nanoscale features on the NMPT and NMSLA specimens with little or no statistical change in the microscale topography.
Water contact angle measurements indicated that all of the samples exhibited relatively hydrophobic behavior (Fig. 5Table 2) . The contact angles measured for the SLA and NMSLA samples were significantly larger than for the PT and NMPT samples ( Fig. 5Table  2) , which was consistent with the enhanced mean values of microscale roughness (CLMderived S a values) and microscale peak-to-valley height (CLM-derived S z values) for the SLA and NMSLA samples ( Table 1) .
General surveys of the surface chemistry of the different specimens by XPS analyses revealed the presence of appreciable oxygen and titanium. Within statistical error, the concentrations of oxygen and titanium on the PT and NMPT surfaces, and of oxygen and titanium on the SLA and NMSLA surfaces, were similar (Table 3 ). However, a detectable change in the phase content on the Ti surfaces after the NM treatment was revealed by XRD and TEM analyses (Fig. 5 ). XRD analyses of the surfaces of the PT and SLA samples yielded major diffraction peaks for α-Ti (ICDD 01-089-3073) and did not yield detectable diffraction peaks for crystalline oxides of titanium (Fig. 5e ). The SLA samples also exhibited additional diffraction peaks of modest intensity that were attributed to titanium hydride (TiH 2 , ICDD 04-008-1386). Both NMPT and NMSLA specimens exhibited relatively intense diffraction peaks for the rutile polymorph of TiO 2 (ICDD 01-071-6411). The α-Ti diffraction peaks in the NM-treated samples also appeared to shift to lower twotheta values. TEM analysis of an ion-milled cross-section of the NMPT sample (Fig. 5f) revealed the presence of a compact and conformal oxide layer on the Ti surface. The average thickness of this oxide layer, generated within 90 min at 740°C in air, was about 1.2 µm. Selected area electron diffraction (SAED) analysis (Fig. 5g ) of this oxide scale yielded a diffraction pattern that was consistent with the presence of only the rutile polymorph of TiO 2 (as had also been revealed by the XRD analyses of NM-treated specimens).
Osteoblasts were sensitive to the surface modifications. The number of MG63 osteoblast cells, as deduced from DNA measurements (Fig. 6a) , and the alkaline phosphatase specific activity (Fig. 6b) for the NMPT, SLA, and NMSLA samples were statistically lower than for the PT specimens. This reduction in cell content and ALP activity paralleled an increase in mean nanoscale roughness (NMPT vs. PT) and the microscale roughness (SLA and NMSLA vs. PT). While the levels of osteocalcin, osteoprotegerin, and vascular endothelial growth factor (Figs. 6c-e) measured for the PT and NMPT samples were not noticeably different, statistically-significant increases in the levels of these markers were observed for the SLA specimens, which paralleled the increase in microscale roughness for the SLA specimens relative to the PT and NMPT samples ( Table 1) . Further statistically significant increases in the osteocalcin, osteoprotegerin, and VEGF levels over the SLA specimens was observed for the NMSLA specimens.
Discussion
In the present study, a simple, readily-scalable (non-line-of-sight) oxidation-based surface modification process was developed that resulted in the superimposition of a high density of nanoscale structures on Ti substrates (as revealed by SEM and AFM analyses) in the absence or presence of appreciable microscale roughness. This nanoscale modification (NM) treatment did not affect surface chemistry (as revealed by XPS measurements) or wettability (as revealed by water contact angle measurements), and did change surface crystal structure (as revealed by XRD and TEM analyses). Moreover, osteoblast behavior was sensitive to the modified surfaces.
The development of this oxidation-based modification process involved correlation of the changes in surface topography and weight of Ti disks with the duration of oxidation in synthetic air at 740°C. Two types of Ti specimens were examined: pretreated specimens, and large-grit sandblasted and acid-etched specimens. As expected, confocal laser microscopy measurements indicated that the microscale surface roughness of the SLA specimens was significantly enhanced relative to the PT specimens. SEM analyses revealed the formation of nanoscale structures on the specimen surfaces upon oxidation at 740°C for times between 45 and 180 min. With an increase in oxidation time, the surface density and average sizes of nanoscale structures formed on this scale increased. After 90 min, a relatively high density of such structures was observed to have formed uniformly over the specimen surfaces, with the SEM-derived diameters and heights ranging from about 40 to 360 nm and about 60 to 350 nm respectively. It is interesting to note that the nanostructures formed by the present oxidation-based process are not unlike the nanostructures associated with collagen fibrils left by osteoclasts after bone resorption [20, 22] . The average values of the CLM-derived microscale roughness (S a ) and the peak-to-valley height (S z ) for the nanomodified samples were slightly lower than for the respective controls. At least one contribution to such modest reductions in the average S a and S z values was likely to have been the formation of the 1.2 µm-thick oxide scale. AFM measurements revealed a significant increase in the mean nanoscale surface roughness, and mean peak-to-valley height, after exposure of PT samples to this 740°C/90 min oxidation treatment. While a statistically-significant increase in the mean nanoscale roughness could not be detected after exposure of SLA specimens to this 740°C/90 min treatment, a significant increase in the mean peak-to-valley height was detected.
XPS analyses indicated that exposure of the PT and SLA specimens to the 740°C/90 min treatment did not greatly affect the concentration of titanium and oxygen on the surfaces of these specimens, which was not surprising due to the presence of a native titanium oxide layer on both original and modified samples. The water contact angles on the PT and SLA samples also did not appreciably change after the 740°C/90 min oxidation treatment. However, XRD and TEM analyses revealed that this treatment resulted in the formation of a compact and conformal rutile TiO 2 scale of about 1.2 microns thickness. Noticeable shifts in the two-theta positions of α-Ti diffraction peaks were also detected in the modified samples, which was consistent with an expansion of the α-Ti lattice associated with the incorporation of oxygen [49] [50] (note: the solubility of oxygen in α-Ti at 740°C is 33.3 at% [49] ).
A high density of nanoscale structures, as well as the presence of appreciable microscale roughness, affected the proliferation of MG63 cells. The number of MG63 osteoblast cells detected on the nanomodified PT (NMPT) samples was lower than for the starting PT specimens. Similarly, cell numbers on SLA and nanoscale-modified SLA (NMSLA) samples were lower than on the PT specimens. In previous studies, cell proliferation on combined micro-/nano-rough surfaces has been reported to increase when compared to micro-rough surfaces [13, 44] . However, in some of these studies, cell proliferation was evaluated at very early time points (i.e., two days or less), using assays that tested for cell metabolic activity rather than for proliferation [13] . Although simultaneous and enhanced cell proliferation and differentiation would provide an ideal situation for bone growth and repair, studies have shown that the development of the osteoblast phenotype requires a regulated interrelation between proliferation and differentiation with transcriptionally restricted transitions that mark the end point of proliferation and the onset of differentiation [51] [52] [53] .
Osteoblast differentiation was greatly enhanced on surfaces that possessed both microscale roughness and a high density of nanoscale features. These results are in agreement with previous studies [12, 41] , which have indicated that a combination of nanoscale features and microscale roughness are required to achieve an additive, if not synergistic increase, in osteoblast differentiation. In our study, ALP activity was reduced and osteocalcin production was increased in a surface micro-roughness and nanostructure density dependent manner. Other studies reported larger ALP stained areas [13] and higher ALP activity as well as higher osteocalcin gene expression [14] for osteoblasts grown on micro-/nano-structured surfaces. Differences in ALP activity between the present results and those of other studies could be due to the biphasic nature of ALP, which has been shown to increase at the early stages of osteoblast differentiation followed by a decrease in activity when more mature osteoblasts start producing osteocalcin just before mineralization [54] .
The cells growing on the NMSLA surfaces also produced significantly higher levels of the local factor osteoprotegerin, which inhibits osteoclastogenesis, and VEGF, which is a potent angiogenic factor. Taken together with the DNA, ALP, and osteocalcin measurements, these results suggest that the combined superimposition of a high density of nanoscale structures with a surface possessing appreciable micro-/submicro-scale roughness may promote bone formation directly in contact with the surface as well as in the surrounding tissue, thereby improving implant osseointegration.
Conclusions
A simple and readily-scalable (non-line-of-sight) oxidation-based surface modification process has been developed that superimposes a high density of nanoscale structures on the surfaces of Ti samples without greatly affecting other surface properties (e.g., microscale roughness, hydrophobicity). The nanoscale structures are not unlike the nanoscale topography associated with collagen fibrils left by the osteoclasts after bone resorption. The results suggest that, while the nanostructures alone may regulate osteoblast proliferation, osteoblast differentiation is not appreciably affected in the absence of microscale surface roughness. However, the combination of micro-/submicro-scale surface roughness with a high density of nanoscale structures resulted in an additive, if not synergistic effect, on cell differentiation and local factor production. These results suggest a potential opportunity for faster healing times and improved in vivo implant osseointegration through mimicry of bone hierarchical complexity via the combined tailoring of nanoscale and microscale surface features. Schematic of the interactions between bone and the implant surface at different topographical scales. SEM images of starting SLA samples (a, c, e), and of NMSLA samples (b, d, f) generated via oxidation in flowing synthetic air at 740°C for 90 minutes. These images indicate that the NM process yielded a relatively high density of nanoscale structures over the entire specimen surface and did not appreciably affect the overall microscale roughness of the SLA surface. Effects of nanoscale surface features and microscale surface roughness on osteoblast differentiation. MG63 cells were plated on PT, NMPT, SLA, and NMSLA surfaces and grown to confluence. The NM treatment consisted of oxidation in flowing synthetic air for 90 min at 740°C. At confluence, (a) DNA content, ( b) ALP specific activity, (c) OCN, (d) OPG, and (e) VEGF levels were measured. Data represented are the mean ± SE of six independent samples. * refers to a statistically-significant p value below 0.05 vs. PT; # refers to a statistically-significant p value below 0.05 vs. NMPT; $ refers to a statisticallysignificant p value below 0.05 vs. SLA.
